Abstract. We investigate the optical response of square arrays of metallic nanoparticles where each lattice site is occupied by two particles, a dimer. In particular we examine the surface lattice resonances arising in these structures when the inplane dipole moments associated with the plasmon modes of the nanoparticles couple together. The addition of a second particle to the basis leads to a more complex optical response, one that is anisotropic in the plane of the array. Extinction spectra are recorded at normal incidence for different orientations of the incident electric field. We compare our experimentally derived data with those from a coupled-dipole model. We show how the separation between the particles that comprise the dimer helps determine the overall response of the system.
Introduction
Light incident upon a metallic nanoparticle can drive the particle's conduction electrons into a collective oscillation [1] . This collective electron motion, which results in resonantly enhanced absorption and scattering of the incident light, is known as a localized surface plasmon resonance, or sometimes as a particle plasmon [2, 3] . A change in the shape [4, 5] , size [6, 7] or dielectric environment [8, 9] of the particle can alter the spectral position of the particle plasmon resonance. The resonant scattering property associated with the particle plasmon allows the plasmon mode of one particle to couple with another via their electromagnetic fields [10, 11, 12] .
When the separation is appropriate (∼ the single particle resonant wavelength) then, when both particles are illuminated by incident light, the field scattered by one particle may drive its neighbour constructively (destructively), i.e. the scattered field at the site of the neighbour has the same (opposite) phase as the incident field at the neighbour [12] .
In an array of such particles collective resonances known as surface lattice resonances (SLRs) may occur, involving the constructive interference of scattered fields produced by all the particles that make up the array. Early works [13, 14, 15, 16, 17, 18, 19] focussed on particle plasmon resonances that had dipole moments in the plane of the array. SLRs based on out-of-plane dipole moments have also been investigated using oblique angle of incidence excitation [19, 20] and by employing a more complex particle shape [21] .
SLRs have been investigated in a number of contexts including: sensing [22] , strong coupling between SLRs and molecular transitions [23, 24] and lasing [25, 26] . The work we report here is part of an exploration into the SLRs supported by square arrays of metallic dimers, i.e. the basis has two metallic nanoparticles rather than the more usual one-particle basis. Dimer arrays have been investigated before, but predominantly for out-of-plane dipole moments [19, 27, 28] , here our focus is on in-plane dipole moments. Whilst out-of-plane SLRs can be supported by arrays of plasmonic nanoparticles in an asymmetric environment (i.e. the media on either side of the particle array have different refractive indices), in-plane SLRs require a homogeneous environment [16] . Here we employ a homogeneous environment in our studies, and we look at how the optical response depends on the orientation of the incident electric field relative to the dimer axis. We also examine how the response depends on the inter-particle separation. Here we examine dimers in which the particles are identical. In a follow-up report [29] we will discuss asymmetric dimers, i.e. dimers in which the two particles are of different size.
In what follows we describe our results and discuss how they may be understood. We fabricated one-and two-particle basis square arrays of silver nanoparticles using electron-beam lithography (EBL) (details are given elsewhere [18] ). We probed the optical response of our samples using normal-incidence extinction micro-spectroscopy and used our measurements to determine the extinction cross-section of the particles in the array. We compared the results of these experiments with a simple coupled-dipole model in which we treated each particle as a single polarizable unit. We found the model was sufficient to explain the main features of the recorded spectra, i.e. the spectral position, relative strength and width of the SLRs. Before describing our experimental results, we briefly outline the basis of the theoretical model.
We seek a method to describe the effect of the array structure on the polarizability of any given particle in the array. If we assume the array to be infinite (this approximation has been shown to be valid for arrays of the size we study here [17] ) then we can make use of an analytic model. The advantage of an analytic model over numerical approaches, e.g. finite-element modelling, Mie theory etc., is that it provides a more intuitive approach that helps build physical understanding. Thus, whilst the analytic model we employ, known as the modified long-wavelength approximation (MLWA), has some shortcomings it is nonetheless a valuable tool [30] .
For an infinite array of nanoparticles, the effective polarizability of one particle in the array, α eff , is related to the polarizability of the isolated particle, α, by, [13, 31] ,
where ε 0 is the permittivity of free space and the factor S, the lattice sum, takes account of the effect of all the scattered fields produced by all the other particles in the array. For a planar 2D array illuminated at normal incidence, S is given by [32] ,
where r j is the distance from the central particle to all other particles j, and θ j is the angle between r j and the dipole moment of the central particle. The polarizability in the MLWA takes account of both radiation damping and retardation [33, 34] and is given by,
where k is the wavenumber in the medium in which the particles are embedded and α qs is the quasi-static polarizability, given by [35] ,
where a, b and c are the semi-axes of the particle (an ellipsoid is the most general shape for which the electric field is uniform in the particle -a requirement of the quasi-static approximation [36] ), ε s is the relative permittivity of the surrounding medium, ε m is the relative permittivity of the material from which the particle is made and L is a geometrical factor that relates the shape of the particle to the internal electric field. In practice the array factor S is calculated for finite-sized arrays [17, 16] . One consequence of the finite size of the array is that the real and imaginary parts of the S-factor show rapid oscillations [37] . Therefore before using S, e.g. in (1), our S-factor data were smoothed using a cubic spline to remove these oscillations [38] . SLRs occur at the poles of (1), i.e. when the real part of 1/α equals ε 0 S, provided the difference between their imaginary parts is small [21, 39, 40, 41] . For the calculations presented here arrays of 400 × 400 particles (one-particle basis) and 280 × 280 dimers (two-particle basis) were considered. Particles were approximated as oblate spheroids and given a polarizability calculated using the MLWA, (3). To calculate the optical response of the arrays, the effective polarizability (1) of the particle in the array is substituted into the expressions for the absorption and scattering cross-sections, given by [35] , i.e.,
and,
The extinction cross-section is then the sum of the absorption and scattering crosssections, i.e.,
To facilitate comparison with the experimental data, all of the calculated extinction spectra discussed below were smoothed using a Gaussian [42] to replicate the 7 nm resolution of the spectrometer used in the experiments. Further, the measured transmittance data were converted to extinction cross-section per particle/dimer using,
where A is the area per particle/dimer within each array studied (the array footprint was larger (by about 60 %) than the illumination spot). The work described below is based on arrays of circular silver discs (typically diameter d ∼ 85 nm, height h ∼ 30 nm). In figure 1 we show the (a) extinction cross-section (black solid line) and (b) phase of the polarizability (purple solid line) calculated for an isolated disc using (3) and (7); the permittivity for silver is taken from [43] , the particles were assumed to be embedded in a medium of refractive index 1.515. Also shown in figure 1 are the spectral positions of the diffraction edges that correspond to the periods of the arrays studied. The periods (diffraction edges) are: 350 (530), 400 (606), 450 (682) and 500 (758) nm respectively.
Square arrays with one-particle basis
To provide a convenient context for discussing the results from arrays with a two-particle (dimer) basis, it is useful first to review the optical response of square arrays with a Figure 1 . (a) extinction cross-section (black solid line) and (b) phase of polarizability (purple line) of a single silver disc (d = 85 nm, h = 30 nm) calculated using the modified long-wavelength approximation. The particle was embedded in a homogeneous medium with a refractive index n = 1.515 with the incident electric field in the plane of the particle. Diffraction edges for the different array periods are illustrated by corresponding coloured dashed lines: 350 (blue), 400 (green), 450 (red) and 500 nm (cyan).
one-particle basis. Figure 2 shows scanning-electron micrographs (SEMs) of examples of (a) one-and (b) two-particle basis square arrays of silver discs (d = 85 nm and h = 30 nm) fabricated by EBL. In this particular case, both square arrays have a period of 400 nm. Figure 2 . Scanning-electron micrographs (SEMs) of two different square arrays of silver discs (d = 85 nm and h = 30 nm): (a) a simple one-particle basis and (b) a two-particle (dimer) basis. The period of both arrays is 400 nm. Scalebar=500 nm.
The measured extinction spectra per particle of arrays with period 350, 400, 450 and 500 nm for normally-incident light are displayed in figure 3 for two orthogonal orientations of the incident electric field: (a) parallel to the x-axis and (b) parallel to the y-axis of the array. For each different period of array the corresponding diffraction edge is illustrated by a dashed line of the same colour. In the measured extinction spectra, with the incident electric field parallel to the x-axis (see figure 3(a) ), a peak is seen in each spectrum (at 586, 620, 682 and 752 nm) and is attributed to the SLR of the array.
The SLRs occur spectrally closer to the diffraction edge as the period of the array is increased. This is because the phase of the particle polarizability at these longer wavelengths is smaller (see purple solid line in figure 1(b) ) so that the electron motion more closely follows the applied electric field; the reduced phase difference results in the SLR occurring spectrally nearer the diffraction edge. Note that due to the symmetry of the particles and the symmetry of the array there is little difference between the measured extinction spectra of the two orthogonal directions of the incident electric field. We attribute the differences that remain to a residual lack of circular symmetry of the discs arising from imperfections in the fabrication process. 
Square arrays with two-particle (dimer) basis
We now turn our attention to the SLRs supported by two-particle (dimer) basis square arrays and look at the dependence of their optical response on the orientation of the incident electric field. We investigated arrays with the same four values of the array period as for the one-particle basis arrays, and for the same particle size (d = 85 nm and h = 30 nm). Figure 2(b) shows an SEM of one example of the dimer arrays. Figure  4 shows the (a,b) measured and (c,d) calculated extinction cross-section per dimer of the two-particle basis square arrays. The incident electric field was parallel to the dimer axis in (a,c) and perpendicular in (b,d).
First let us consider the case when the incident electric field is parallel to the dimer axis. Comparing these data with those from the one-particle basis arrays (see figure  3) , we see that the spectra are similar. The main difference, evident from the data, are that the SLRs in the two-particle basis arrays for 450 nm (red solid line) and 500 nm (cyan solid line) period arrays have an increased strength. The similar optical response between the one-and two-particle basis arrays occurs because particles in arrays where the period is on the order of the resonant wavelength couple most strongly to neighbours in the direction orthogonal to the applied electric field [18, 44] . Since the separation between the particles in the y-direction (orthogonal to the applied electric field) of the two-particle basis array is the same as for the square array with a one-particle basis, a similar response is expected. The increase in strength of the SLR is attributed to there now being two particles per lattice site that contribute to the scattered fields. The proximity of the two particles in the basis probably accounts for the slight red-shift in the SLR [10, 45, 46] .
Next let us consider the case when the incident electric field is perpendicular to the dimer axis. In the measured extinction cross-section per dimer spectra (see figure 4(b) ), a single SLR at 566, 613, 682 and 754 nm is observed for square arrays with period 350, 400, 450 and 500 nm. As noted above, inter-particle coupling takes place primarily in the direction orthogonal to the applied electric field. It might, thus, seem surprising that there is a strong SLR for this incident electric field orientation -the nearest particle is only λ/3 away and should, therefore, dominate the interference condition (lattice sum). However, the data show that the SLRs for 350, 450 and 500 nm period square arrays with a two-particle basis appear similar in spectral shape and strength to the one-particle basis case (compare figures 3 and 4(b) ). The largest difference in spectral shape between the one-and two-particle basis is for the 400 nm period arrays (compare green solid line in figures 3 and 4(b) ). The shape of the extinction spectra for the 400 nm period square array also shows the greatest difference between the two incident electric field orientations for the two-particle basis (compare green solid line in figures 4(a) and 4(b)). Let us now compare the results just discussed with those obtained from the coupled-dipole model.
Let us again look at the case when the incident electric field is parallel to the dimer axis. Figure 4(c) ) shows the result of the calculation whilst the relevant experimentallyderived spectra are in figure 4(a) ). The position of the SLRs in the model (experiment) are: 637 (589), 661 (634), 704 (688) and 771 (756) nm for the 350, 400, 450 and 500 nm period arrays respectively. The largest difference between the experimental and modelled data is in the spectral positions of the SLRs for the 350 nm period array. This may be due to the MLWA not being so applicable at these shorter wavelengths; as the product ka becomes larger, the higher powers of ka that have been neglected in the MLWA may become more important [47] . Also the SLR for the 500 nm period array (compare cyan solid line in figures 4(c) and 4(a)) is stronger in the model than in the experiment. Since this SLR is also the narrowest, it is possible that this difference is due to inhomogeneity of the particle sizes in the sample [48] . The significantly larger extinction cross-section per dimer as calculated in the model when compared to experiment is due to the polarizability in the MLWA overestimating the imaginary part of the single-particle polarizability; however, the MLWA does predict the right spectral shape, see [29] .
When the incident electric field is perpendicular to the dimer axis, a comparison of the experimental data (see figure 4(b) ) with the modelled data (see figure 4(d) ) reveals generally good agreement although again the calculated extinction cross-sections are significantly greater than the measured ones.
At this point it is worth noting that in the modelling carried out above we considered all of the particles in the array as separate polarizable units. It is also possible to consider the particle dimer as one polarizable unit as, for example, considered by Pinchuk and Schatz [49] . We also undertook calculations (not shown) using the approach adopted by Pinchuk and Schatz but found significantly poorer correspondence with the results of our experiments than we have described above. In the model proposed by Pinchuk and Schatz retardation of the scattered light between the two particles in the dimer was ignored. As we discuss below, for the arrays considered here, such retardation can not be ignored.
Effect of particle separation within the dimer on the response of square array
To probe the effect of particle separation in the dimer on the optical response of twoparticle basis square arrays, a number of samples were made that were nominally identical except for a difference in the inter-particle separation within the pair. More specifically, 500 nm period square arrays of dimers (particle size d = 115 nm and h = 30 nm) with inter-particle separations of 160, 180, 200 and 220 nm in a 500 nm were fabricated and characterized. Figure 5 shows the (a,b) measured and (c,d) modelled extinction cross-sections. What is striking about these data is the extent of the difference in the response for the two incident electric-field orientations. With the electric field parallel to the dimer axis, the response changes little with inter-particle separation within the dimer. Very different behaviour is seen when the electric field is perpendicular to the dimer axis; the SLR is almost completely lost for a separation of 220 nm. This difference can again be attributed to the directional nature of the radiative coupling between particles. With the electric field perpendicular to the dimer axis, the scattered field experienced by one member of the dimer is dominated by that produced by the other member of the dimer. When the inter-particle separation is ∼ λ/2 this scattered field is out-of-phase with the driving electric field and a SLR is not produced. Conversely, for the parallel field orientation, the directional nature of the dipolar field is such that the resonant scattering that produces SLRs remains effective. We might also note that, for both field orientations, there are differences between experiment and theory regarding the width of the SLR. This might also be a result of the MLWA being used close to its limit of applicability. Further work would be needed to explore this in more detail. Figure 6 . Coupled-dipole model calculated (a) extinction cross-section per dimer and (b) ε 0 S for 500 nm period square arrays with a two-particle basis. The real (black solid line) and imaginary part (black dashed line) of the inverse single particle polarizability of a disc (d = 115 nm and h = 30 nm) was added to (b). Spectra are shown for three different centre-to-centre separations (120, 185 and 250 nm) with the incident electric field perpendicular to the dimer axis. The surrounding medium of the particles had n = 1.515, and the diffraction edge is illustrated with a black dashed line. Figure 6 shows the calculated (a) extinction cross-section per dimer and (b) 1/α and ε 0 S, see (1) , with the incident electric field perpendicular to the dimer axis for three inter-particle separations within the dimer. SLRs occur when the real parts of 1/α and ε 0 S intersect or have their closest approach (see (1) ). The SLRs for inter-particle separations of 120 nm and 185 nm arrays are stronger because the real parts of 1/α and the real parts of ε 0 S intersect in the same spectral region as the diffraction edge, which does not happen with 250 nm separation array. The 120 nm inter-particle separation response is stronger than 185 nm one owing to the difference between the imaginary parts of 1/α and ε 0 S being smaller than for 185 nm. The SLR with an inter-particle separation of 250 nm has nearly disappeared because the separation is approximately λ/2 thus providing almost perfect destructive interference of the light scattered by the nanoparticles in the plane of the array.
Conclusion
In summary, one-and two-particle basis square arrays of silver nanoparticles have been fabricated and characterized and their optical response (extinction cross-section) modelled using a simple coupled-dipole model. We showed that when the incident electric field is parallel to the dimer axis, the measured extinction cross-section vs. wavelength is similar to that exhibited by the equivalent one-particle basis square array. The perpendicular response of two-particle basis arrays is different from the equivalent one-particle basis arrays for certain periods of square array (i.e. 400 nm in this instance). The particles couple together in the direction that is orthogonal to the applied electric field, and for the perpendicular polarization, the nearest particle in this orthogonal direction is significantly closer than the next lattice site. Two-particle basis square arrays can not be modelled as a single polarizable unit because retardation of the electric field between the particles in the dimer can not be ignored. The optical response of the two-particle basis square arrays were discussed in the context of the scattered fields produced by particles in an array. The centre-to-centre separation of the particles in the dimer is important, and when this is approximately λ/2, the SLR vanishes. Although a symmetric two-particle basis can support an anti-symmetric plasmon mode, we did not observe it here. This is expected since this mode can not be coupled to at normal incidence because it has a zero net dipole moment, i.e. it does not radiate. However, it might perhaps be important in applications of dimer arrays to lasing structures [50, 51] .
As others have shown, such modes can be excited by light, either by using nonnormal incidence [20] , or through the use of complex particle morphology [21] . An alternative strategy, that of introducing an asymmetry into the dimer will be the subject of a follow-on report [29] .
